Abstract Connexin mimetic peptides (CxMPs), such as Gap26 and Gap27, are known as inhibitors of gap junction channels but evidence is accruing that these peptides also inhibit unapposed/non-junctional hemichannels (HCs) residing in the plasma membrane. We used voltage clamp studies to investigate the effect of Gap26/27 at the single channel level. Such an approach allows unequivocal identification of HC currents by their single channel conductance that is typically *220 pS for Cx43. 
Introduction
In vertebrates, connexin (Cx)-based hemichannels (HCs) embedded in the plasma membrane interact with their counterparts on neighboring cells in a head-to-head arrangement, forming gap junction channels that coalesce into junctional plaques that allow the direct exchange of metabolic and signaling molecules with molecular weight below 1.5 kDa between cells [22, 37, 71] . On the other hand, unapposed/undocked HCs present in non-junctional plasma membrane can open and form a conduit between the cell's interior and the extracellular milieu, allowing Na ? and Ca 2? to enter the cell and K ? and messengers
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such as ATP, glutamate and others to leave the cell [27, 31, 34, 58, 73] . Cx HCs are typically closed under resting conditions, but may open under ischemic conditions [10, 26, 39, 61] by alterations in the redox status [50] , the connexin phosphorylation status [2, 30] or by an increased presence of these channels in the plasma membrane [49, 56] . Cx mimetic peptides (CxMPs) are peptides identical to sequences located on one of the two extracellular loops of the Cx protein [21] . They were introduced in the 1990s based on the hypothesis that such peptides could prevent the docking of two HCs, thereby preventing the formation of GJCs [20, 70] . Among them, Gap26 and Gap27, mimicking sequences on the first and second extracellular loop regions of Cx43, respectively (see Online Resource Fig. S1 ), have been most extensively investigated and used as gap junction blockers [4, 9, 55, 72] . Recent evidence raised the possibility that CxMPs may also affect the function of HCs [5, 20] , and to date, they have become a frequently applied pharmacological tool to explore new functions of the Cx HC signaling pathway. CxMPs such as Gap26 and Gap27 have been applied to establish the contribution of HCs in cell death propagation [17] . In embryonic neural retina, these peptides have been used to demonstrate an essential role of HCs as an ATP release pathway in the development of neural retina progenitor cells [43] . In the context of cardiac ischemia, targeting of Cx43 HC at the cell surface by Gap26/27 showed cardioprotective effect in both primary myocytes culture and intact heart [24, 26, 61] . Further work with CxMPs has suggested a role of HCs in a variety of pathological insults ranging from amyloid b-mediated neuronal death to hypoxia-induced inflammation [19, 28, 40] . Intriguingly, despite the growing interest in CxMPsbased HC studies, no conclusive arguments are available to support a direct action of the peptides on HCs. Short exposure to CxMPs has been reported to inhibit indirect measures of HC function based on ATP release or dye uptake studies. Electrophysiological studies further indicated that Gap26 rapidly diminished macroscopic currents in Cx43 expressing cells [24, 25, 53] . Studies performed in the Xenopus oocyte expression system, however, failed to demonstrate clear inhibition of macroscopic currents; limited inhibition was only observed with long exposures (3 h ) and appeared to depend on peptide size rather than sequence [69] . Due to the lack of studies at single channel level, it remains uncertain whether CxMPs block HC openings and if so, whether this effect is sequence-specific or merely the consequence of steric occlusion.
Here, we investigated the effect of Gap26 and Gap27 at the level of unitary currents through Cx43 HCs, allowing detailed analysis at the highest resolution. In HeLa cells expressing exogenous Cx43, unitary events associated with Cx43 HC opening can be unambiguously identified by the single channel conductance that is typically *220 pS. Our data show that HC-based unitary events are inhibited by Gap26/27 within several minutes, by shifting the voltagedependence of Cx43 HC opening to more positive transmembrane potentials (V m 
Materials and methods

Chemical reagents
Gap26 (VCYDKSFPISHVR) and Gap27 (SRPTEKTIFII), two connexin mimetic peptides corresponding to a sequence in the first and second extracellular loop regions of Cx43, respectively, were used in the study. Two associated scrambled peptides SGap26 (PSFDSRHCIVKYV) [43] and SGap27 (TFEPIRISITK) [72] were applied in some experiments as inactive controls (overviewed in Online Resource Table S1 ). All peptides were synthesized to a purity [90 %.
Cell culture
HeLa-wild type (HeLa-WT) cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen, Gent, Belgium) supplemented with 20 % fetal bovine serum (FBS), 2 mM glutamine, 10 U/mL penicillin, 10 lg/mL streptomycin, and 0.25 lg/mL fungizone (Invitrogen, Gent, Belgium). Cells stably transfected with Cx43 [18] were grown in the medium with additional 1 lg/mL puromycin (Sigma-Aldrich, Bornem, Belgium). Mouse Cx43 gene was cloned into the EcoRI/BamHI restricted cloning site of the expression vector pMJgreen. CytoMegalovirus (CMV) promoter was used. The vector also contains a puromycin N-acetyl-transferase (Pac) gene encoding region.
Calcein efflux
Subconfluent cultures of HeLa-Cx43 seeded on glass coverslips (Knittel, Novolab, Geraardsbergen, Belgium) were loaded with 10 lM calcein-acetoxymethyl ester (calcein-AM) for 1 h at room temperature. Thereafter, cells were washed and left for another 30 min to allow for deesterification. Cultures were then transferred to an inverted epifluorescence microscope (Eclipse TE300, Nikon Belux, Brussels, Belgium) equipped with a 940 oil-immersion objective and an electron-multiplying CCD camera (Quantem 512SC, Photometrics, Tuscon, AZ, USA). Calcein was excited at 482 nm by a Lambda DG-4 filterswitch (Sutter Instrument, Novato, CA, USA). A 505 nm longpass dichroic mirror and a 535 nm bandpass filter (35 nm bandwidth) were used to capture calcein emission light. Fluorescent images were recorded every second and the fluorescent decay as a function of time was quantified as described in [14] .
Cardiomyocyte isolation
Left ventricular cardiomyocytes from adult domestic pigs were enzymatically isolated as previously described [63] . Briefly, the left anterior descending coronary artery was cannulated, and the cells were dissociated by enzymatic tissue digestion through Langendorff perfusion at 37°C. The cells were then filtered and resuspended in a low Ca 2? Tyrode solution containing (in mM): 130 NaCl, 5. -tolerant cells were stored at room temperature and used within 8-10 h after isolation.
RNA interference
Acutely isolated cardiomyocyte suspension was centrifuged at 300 rpm for 5 min. The cell pellets containing both cardiomyocytes and fibroblasts were resuspended in Medium 199 (Sigma-Aldrich) supplemented with 10 % FBS, 10 U/mL penicillin and 10 lg/mL streptomycin. After 2-h incubation at 37°C in 5 % CO 2 , cardiomyocytes remained suspended in the medium while fibroblasts adhered to the bottom of the polystyrene flask. The fibroblast-depleted suspension was again collected and cultured at a density of 2 
Western blot analysis
Whole cell lysates were prepared by treating confluent cell culture with RIPA buffer [25 mM Tris, 50 mM NaCl, 0.5 % NP-40, 0.5 % deoxycholate, 0.1 % SDS, 5.5 % b-glycerophosphate, 1 mM dithiothreitol, 10 lL/mL protease inhibitor cocktail (Sigma-Aldrich), 30 lL/mL phosphatase inhibitor cocktail (Sigma-Aldrich), and 20 lL/mL mini EDTA-free protease inhibitor cocktail]. Proteins were resolved in 10 % SDS-poly-acrylamide (SDS-PAGE) gel and transferred to a nitrocellulose membrane (Amersham, Buckinghamshire, UK). Blots were probed with a rabbit polyclonal anti-Cx43 antibody (Sigma-Aldrich) or a rabbit anti-Panx1 (a gift kindly provided by Dr. Dale W. Laird, University of Western Ontario, Canada) followed by alkaline phosphatase-conjugated goat anti-rabbit IgG antibody (Sigma-Aldrich). The blots were then developed with nitro blue tetrazolium/5-bromo-4-chloro-3-indolylphosphate reagent (Zymed, Invitrogen). Total protein stains by SYPRO Ò Ruby (Invitrogen) prior to antibody staining or detection with a rabbit anti-b-tubulin antibody (Abcam, Cambridge, UK) was used as a loading control.
Triton X-100 (Tx-100) insoluble fraction was obtained by harvesting cells in 1 % Trixton X-100 supplemented with 50 mM NaF, 1 mM Na 3 VO 4 , 10 lL/mL protease inhibitor cocktail, 30 lL/mL phosphatase inhibitor cocktail. Samples were centrifuged at 16,000g for 10 min and the Tx-100 insoluble pellets were resuspended in 19 Laemmli buffer (10 % glycerol, 2.3 % SDS and 125 mM Tris pH 6.8).
Detection of the fraction of unapposed Cx43 in the plasma membrane was achieved by biotin-labeling of surface protein with the Pierce cell surface protein isolation kit (Thermo Scientific, Erembodegem, Belgium). Confluent cultures were incubated with 0.25 mg/mL sulfosuccinimidyl-2-(biotinamido)ethyl-1,3-dithiopropionate (Sulfo-NHS-SSBiotin) phosphate-buffered saline for 2 h at 4°C. This membrane-impermeable, thiol-cleavable and amine-reactive reagent labels free surface membrane proteins including unapposed Cx43 HCs that have their extracellular domains unoccupied. By contrast, HCs incorporated into gap junctions have no accessible extracellular domains and the amine-reactive sites are effectively sealed. Unreacted biotin was quenched by glycine-based solution and the cells were lysed immediately. Cell extracts were then mixed with Neutravidine TM agarose for purification of biotin-labeled proteins. Biotinylated proteins containing the pool of unapposed HCs were subsequently eluted from the Neutravidine TM agarose and separated by a 10 % SDS-PAGE gel for further immunoblotting with Cx43 antibody (Sigma-Aldrich).
Electrophysiological recording
Hela-Cx43 cells were bathed in a recording chamber filled with a modified Krebs-Ringer solution consisting of (in mM): 150 NaCl, 6 CsCl, 2 CaCl 2 , 2 MgCl 2 , 1 BaCl 2 , 2 pyruvate, 5 glucose, 5 HEPES and pH adjusted to 7.4. The standard whole-cell recording pipette solution was composed of (in mM): 130 CsCl, 10 Na-aspartate, 0. ] i mentioned in the text were also calculated using this software. Intracellular acidification was applied via the patch pipette; to this purpose, HEPES was replaced by MES (5 mM) and pH was adjusted to 6.4 or 6.0 [33] . Pipette resistance was 1-3 MX. A 3-M KCl agar bridge connected the recording chamber to a grounding compartment.
For the experiments on cardiomyocytes, cells were initially perfused with the standard Tyrode solution (in mM): 137 NaCl, 5.4 KCl, 1.8 CaCl 2 , 0.5 MgCl 2 , 10 glucose, 11.8 HEPES and pH adjusted to 7.4. When recording unitary HC currents, the solution was switched to a solution with the same composition but with all K ? replaced by Cs ? . In addition, 1 mM BaCl 2 was added to the external solution to further inhibit K ? currents. The pipette solution was composed of (in mM): 120 CsCl, 5 NaCl, 10 TEACl, 1 CaCl 2 , 1 MgCl 2 , 2 MgATP, 10 EGTA, 10 HEPES and pH adjusted to 7.2.
Single channel recordings were performed by making use of an EPC 7 PLUS patch-clamp amplifier (HEKA Elektronik, Lambrecht/Pfalz, Germany). Data were acquired at 4 kHz using a NI USB-6221 data acquisition device from National Instruments (Austin, TX, USA) and Clampex 10.2 acquisition software (Axon instruments). All currents in whole-cell configuration were filtered at 1 kHz (7-pole Besselfilter). Liquid junction potentials were measured in current mode by placing pipette solution or bath solution in the recording pipette and the other in the bath. Membrane potentials were corrected for the liquid junction potentials.
For single channel analysis, holding currents were subtracted from the recorded current traces, giving traces that only contained unitary current events. Unitary conductances were calculated from the elementary current transitions Di as: c = Di/V m . From these data, we constructed all-point conductance histograms that displayed one or more Gaussian distributions. These were fit by a probability density function assuming independent channel opening [48, 68] . Channel activity was quantified from the charge transfer Q m associated with unitary currents; this was done by integrating the unitary current traces (i.e., a function of time) over the duration of the voltage step as:
Statistical analysis
Data are expressed as mean ± SEM with n denoting the number of independent experiments. Multiple groups were compared by one-way ANOVA with Bonferroni post-test. Two groups were compared with an unpaired Student's t test and two-tail P value.
Results
Single channel unitary currents in HeLa cells stably transfected with Cx43
Previous studies revealed that unitary Cx43 HCs events appeared upon depolarizing the membrane potential (V m ) to [?50 mV [11] . Figure 1a illustrates (Fig. 1a) . Transitions from the open state occasionally occurred to a sub-conductance state characterized by a unitary conductance (c sub ) of *58 pS (Fig. 1b) , as reported by Contreras et al. [11] . Such transitions were not frequent and event histograms obtained from recordings of 30 s typically did not show a resolvable subconductance peak under control conditions. The typical 220 pS opening activity was not observed in single HeLa-WT cells (Online Resource Fig. S2a ). In HeLa-Cx43 cells, unitary current activity induced by V m = ?70 mV rapidly disappeared following application of carbenoxolone (100 lM), a gap junction and HC blocker (Online Resource Fig. S3 ).
Gap26 and Gap27 inhibit Cx43 hemichannel unitary currents
We tested whether Gap26 and Gap27 inhibited unitary current events recorded in HeLa-Cx43 cells at concentrations commonly used to inhibit gap junctions. Pre-incubation of cells for 30 min with Gap26 (160 lM) or Gap27 (200 lM) reduced unitary events typically observed at V m = ?70 mV (Fig. 2a, b) . The conductance of the remaining events showed a peak at *220 pS, indicating that Gap26/27 did not influence the c o . Experiments with scrambled versions of Gap26 and Gap27 (SGap26 and SGap27, respectively) did not reveal any inhibition of HC-mediated unitary events (Fig. 2a, c) . Unitary current activities were quantified by integrating the current traces (holding current subtracted) over the time of V m step, giving the charge transfer (Q m ) via open HCs. Figure 2c shows a more than threefold decrease in Q m by Gap26/27, whereas Q m recorded in cells exposed to SGap26/27 was not different from control. Western blot analysis of Cx43 expression demonstrated that the density of membranelocated biotin-labeled Cx43 HCs relative to the total membrane Cx43 pool (Tx-100 insoluble fraction) was not influenced by Gap26 treatment (Fig. 2d ), in line with the findings reported by others [36] .
Gap26/27 inhibition of Cx43 HC unitary currents is concentration-dependent and occurs within minutes
We examined the kinetics of Gap26/27 inhibition of unitary current activity. In this experiment, we applied repeated (every 40 s) V m steps from -30 to ?70 mV (30 s) over a time period of 10 min and calculated the Q m at different time points. Figure 3a illustrates an example recording, showing a decrease of Q m with time after addition of Gap26 (250 lM). There was some inherent variability in these recordings, related to shot noise associated with low open probability events [27] . Figure 3b represents changes of current under control conditions and 240 s after exposure to Gap26. Figure 3c shows averaged Q m changes in experiments similar to the one illustrated in Fig. 3a . After the addition of Gap26, Q m progressively decreased with a time constant (s) of 148 s (determined by fitting the data points to a mono-exponentially decaying function). At steady-state conditions, Q m was reduced to *35 %. In contrast, SGap26 did not cause any Q m decay. We further examined the concentration dependence of Gap26 inhibition (148 s exposure time) and found an IC 50 of *81 lM and a Hill coefficient (n H ) = 2 (Fig. 3d) . SGap26 did not exhibit inhibitory effects over the concentration range at which Gap26 displayed inhibition. Only when the concentration of SGap26 was increased to 1 mM, strong inhibition was observed (Fig. 3e) . Figure 4 illustrates a similar set of experiments performed with Gap27 (300 lM). Inhibition was somewhat slower (s = 223 s) while the steady-state reduction of Q m was stronger (reduction to *15 %) compared to Gap26 (Fig. 4c) . Concentration-dependent inhibition of Q m (223 s exposure time) was characterized by an IC 50 of *161 lM and n H = 2 (Fig. 4d) . As expected, SGap27 did not affect Q m unless it was applied at 1 mM concentration (Fig. 4e) . The abrupt kink in the Q m curve at 1 mM with both scrambled peptides (SGap26 and SGap27) indicates the appearance of steric occlusion of the channel pore.
We tested whether Gap27 could also inhibit the passage of larger molecules through Cx43 HCs. To that purpose, we used calcein (MW 623 Da) as a HC-permeable fluorescent reporter dye [1] and quantified the loss of fluorescence from preloaded HeLa-Cx43 cells, as previously done [14] . The calcein efflux rate increased upon exposure to nominal divalent-free (NDF, no Ca 2? or Mg 2? added) solution and the efflux rate-increase was inhibited by Gap27 (300 lM) (Fig. 4e) . Figure 4f illustrates the effect of NDF and NDF ? Gap27 on unitary HC currents, demonstrating comparable effects as observed in the calcein experiments. Thus, Gap27 has comparable effects on calcein passage and current flow through Cx43 HCs. 
Gap26 and Gap27 increase the V m necessary to open HCs
Gap26 and Gap27 had no effect on c o , therefore, we examined whether they exerted their effect through a change in the voltage gating. Figure 5a shows an I-V plot obtained by applying voltage ramps from -40 to ?80 mV (1.8 mV/s). Unitary current events started to appear from V m = ?50 mV while after addition of Gap26/27, unitary events appeared at more positive potentials. A similar influence was observed on I-V plots derived from slower voltage ramps (0.5 mV/s; Online Resource Fig. S4 ). By applying V m steps from -30 mV to voltages in the range of ?40 to ?80 mV, we observed that Gap26 and Gap27 (for concentrations and exposure times see Fig. 5b ) significantly shifted the V m dependence of HC opening to the right over *15 mV, i.e. they increased the V m for HC activation (Fig. 5c) Fig. S2b ). The bell-shaped profile of these responses in HeLa-Cx43 cells is very similar to previously reported results that were based on indirect measurements of HC activity [15, 16] . Moreover, we found that [Ca 2? ] i elevation from 50 to 200 and 500 nM significantly altered the V m dependence of HC (Fig. 6d ).
[Ca 2? ] i -dependent modulation is involved in acidification-induced Cx43 HC closure Acidification is known to inhibit gap junction channels [8, 42] and it has been suggested that this effect depends on Fig. 4 Gap27 inhibition occurs within minutes and is concentrationdependent. a Q m for repeated V m steps to ?70 mV before and after application of Gap 27 (300 lM). b Example traces and all-point histograms before and after addition of Gap27 (points indicated as 1 and 2, respectively, in a). c Average data illustrating the kinetics of Gap27 inhibition (n = 5). For SGap27, the curve remained fluctuating around 100 % (n = 3). Q m was expressed as a percentage normalized to the averaged measurement before Gap27 addition. **P \ 0.01 Gap27 versus SGap27. d Concentration dependence of Gap27 inhibition; Q m was normalized to data values obtained without the peptide. e Experiment as in d but with the scrambled sequence. f Gap27 inhibits dye transfer triggered by exposure to nominally divalent-free (NDF) solution. NDF triggered the efflux of calcein preloaded in HeLa-Cx43 cells and this was inhibited by Gap27 (300 lM; n = 31 cells from 5 experiments). ***P \ 0.001, NDF versus baseline. g Gap27 inhibits NDF-promoted HC currents in HeLa-Cx43 cells. Traces show unitary current activity upon stepping from -30 to ?60 mV (40 s) that was strongly promoted by NDF conditions. Gap27 (300 lM, added just after the 225 s trace) inhibited NDF-potentiated currents (300 lM) [42] rapidly inhibited Cx43 HC unitary currents (Fig. 7a, b) . Because pH i lowering decreases the affinity of EGTA present in the pipette and cell, it is possible that inhibition is partly caused by an associated and prominent ([500 nM) [ Fig. 7c ; summary data given in Fig. 7d ). However, when [Ca 2? ] i was set to 6 lM, HC currents were strongly inhibited by the pH 6.0 condition as they were at pH 7.2 (Fig. 7d) In a next step, we examined whether we could reproduce the modulation of Cx43 HC opening by [Ca 2? ] i and Gap26/27 measured in HeLa transfectants with those obtained from primary cardiomyocytes, acutely isolated from the left ventricle of pigs. In these experiments, perfusion conditions were similar to those used for HeLa-Cx43 cells. Stepping the V m from -70 to ?80 mV demonstrated the appearance of unitary current events characterized by a c o of *200 pS (Fig. 8a, left panel) . These unitary current events were not influenced by a low concentration of carbenoxolone (20 lM) that is known to block Panx1 HCs but not Cx43 HCs [6] (Fig. 8a, middle  panel) . Carbenoxolone at higher concentration (100 lM) acted inhibitory, as expected for Cx43 HCs (Fig. 8a, right  panel) . Western blot analysis (Online Resource Fig. S6 ) showed no Panx1 signal in ventricular cardiomyocytes, in line with a recent report by Penuela et al. [44] . Thus, the *200 pS opening events are likely to be mediated by Cx43 HCs. To further confirm this, we used an siRNA approach to silence Cx43 expression: this led to *50 % knockdown of Cx43 expression in cultured pig ventricular cardiomyocytes (Fig. 8b) . Unitary current activities were present in MOCKtreated cultured cardiomyocytes (Fig. 8c) , although the activities were less frequent compared to those in acutely isolated cells. Histogram analysis indicated a c o of *220 pS, which suggests that culturing of cardiomyocytes slightly increases the c o to the levels recorded in cultured HeLa-Cx43 cells. The bar chart in Fig. 8c summarizes average Q m data, demonstrating that current activity was significantly inhibited by siRNA directed against Cx43 while siCx43 scr had no effect. We next tested the effect of [Ca 2? ] i elevation and Gap26/27 on unitary HC current activity in freshly isolated cardiomyocytes. Figure 8d shows that a [Ca 2? ] i increase from 50 to 500 nM reduced the voltage threshold for HC opening from ?60 to ?40 mV. Furthermore, we found that Gap26 (160 lM, 5 min) reduced the Ca 2? -mediated enhancement of unitary current activity in a similar fashion as it was observed in HeLa-Cx43 cells (Fig. 8e) . Average Q m data (Fig. 8f) obtained from such cardiomyocyte recordings demonstrated strong inhibition of Ca 2? -potentiated Cx43 HC activity by Gap26 (160 lM, 5 min) and Gap27 (200 lM, 5 min).
Discussion
Gap26/27 and related peptides have been reported to inhibit HC-related ATP and dye uptake [5, 46, 52, 61] and have been frequently applied to interfere with HC function under various conditions [14, 19, 38, 41, 43, 66] . Macroscopic current studies have been inconclusive, with some reports showing inhibition by Gap26/27 [24, 53] and others claiming that inhibition is related to nonspecific pore block [69] . Here, we demonstrate at single channel level that these peptides inhibit function of Cx43 HCs and that this effect is sequence specific. Moreover, we show that the peptides also inhibit Cx43 HC openings in acutely isolated ventricular cardiomyocytes, including HC currents promoted by moderate (B500 nM) [Ca 2? ] i elevation. Interestingly, the Ca 2? -mediated potentiation ] i elevation to 200 and 500 nM increased the number of peaks and reduced the frequency of the closed state while elevation to 1 lM had no effect. c Summary data illustrating the effect of various [Ca of HC function indicates that Cx43 HCs can be opened at physiologically relevant V m (?40 mV) and Gap26/27 antagonizes this Ca 2? -promoted HC opening. Inhibition of HC currents by Gap26/27 occurring over a time span of minutes was incomplete and not associated with alterations in single channel conductance or number of unapposed HCs in the plasma membrane. Currently, the mechanisms as to how CxMPs inhibit the function of HCs are not known. We assume that Gap26/27 peptides bind to as yet undefined domains in the extracellular loops of Cx43 resulting in HC inhibition [3] . For Gap26, evidence is available that this peptide indeed interacts with the extracellular Cx43 domains [35] . If CxMPs inhibit HCs by interacting with freely accessible, unoccupied extracellular domains of Cx43, then the inhibition kinetics in duration of minutes appears to be slow. In fact, this suggests that the ] i = 50 nM (pH 7.2). The number of experiments are given in the bars interaction site is less accessible than hypothesized, either as a consequence of being located deeper in the channel pore or being only accessible when the channel is open. We demonstrate that Gap26/27 reduces HC opening by shifting the V m dependence of opening to more positive voltages (right-shift). This may be mediated by the shielding of a charged amino acid residue, as a consequence of the interaction, that changes the local electrical field sensed by the voltage sensor and alters the activation threshold, as has been suggested for the shift in voltage-dependence of Na ? and K
? channels by a variety of stimuli [64, 74] . Millimolar extracellular Ca 2? concentrations normally keep Cx43 HCs closed but when extracellular Ca 2? decreases, for example during ischemia [62] , HCs open and HC currents at positive V m are promoted [11] . It In the heart, Cx43, predominantly expressed in ventricular cardiomyocytes, is an important determinant of myocardial ischemic injury [54] . Cx43 proteins form gap junction channels that are clustered in the nexus, which is one of the major components of the intercalated disks. Non-junctional (unapposed) Cx43 HCs reside in the zone surrounding the junctional nexus area, called the perinexus [51] . As discussed above, Cx43 HC opening may be triggered under ischemic conditions [12, 60, 61] , and this has been associated with cardiomyocyte cell swelling in response to simulated ischemia [59] . When exposed to metabolic inhibition, rabbit ventricular myocytes have also been reported to display a [Ca 2? ] i -dependent non-selective current which may be attributed to Cx43 HC opening [31] . Here, we demonstrate, for the first time, unitary currents in acutely isolated left ventricular cardiomyocytes from pig that are characterized by an activation threshold C?50 mV and a single channel conductance of *200 pS. These biophysical properties are similar to those of mouse Cx43 HCs observed in HeLa transfectants (C?50 mV, *220 pS). Moreover, the unitary current activity was also promoted by moderate [Ca 2? ] i elevation and was inhibited by Gap26 and Gap27. A recent study has proposed Panx1 HCs as the conductance pathway exhibiting large unitary conductance and [Ca 2? ] i -dependent currents in cultured atrial cardiomyocytes from rat [29] . Panx1 HCs can, however, be ruled out based on the following arguments: (a) Panx1 proteins could not be detected in acutely isolated pig left ventricular cardiomyocytes, (b) the recorded unitary currents were not affected by 20 lM carbenoxolone which is known to inhibit Panx1 HCs and (c) a specific siRNA targeting Cx43 abolished the single channel activities. An absence of Panx1 expression and therefore of Panx1 HC function in cardiomyocytes used in our studies may be related to differences in cell preparation (acutely isolated cells vs. cultured cells), differences in tissue types (ventricles vs. atrium) and species (pig vs. rat).
In summary, our data show that Cx43 HCs in ventricular cardiomyocytes can be activated by positive V m (C?30 mV) and [Ca 2? ] i elevation (*500 nM). As a consequence, this may cause a leakage of ions and metabolites that may reduce excitability, safety of signal transfer between the cardiomyocytes and contribute to arrhythmogenesis. Gap26 and Gap27 inhibit these ] i elevation and Gap26/27 on unitary current activities in isolated pig ventricular cardiomyocytes. a Representative traces illustrating single channel events triggered by stepping V m to ?80 mV. The all-point histograms at the right illustrate that the distribution peaks are separated by a c o of *200 pS. Carbenoxolone had no effect when applied at 20 lM but clearly inhibited the currents at 100 lM. b Treatment of cultured ventricular cardiomyocytes with siCx43 brought down Cx43 expression to 50 % of control (MOCK) while siCx43 scr had no effect. ] i elevation to 500 nM strongly and significantly increased Q m and this effect was completely prevented by Gap26 (160 lM, 5 min) and Gap27 (200 lM, 5 min). ***P \ 0.001 versus 50 nM [Ca 
